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A B S T R A C T   

Objectives: During the ongoing pandemic of COVID-19, wearing face masks was recommended, including patients 
with epilepsy doing the hyperventilation (HV) test during electroencephalogram (EEG) examination somewhere. 
However, evidence was still limited about the effect of HV with face mask on cortical excitability of patients with 
epilepsy. The motivation of this work is to make use of the graph theory of EEG to characterize the cortical 
excitability of patients with epilepsy when they did HV under the condition wearing a surgical face mask. 
Methods: We recruited 19 patients with epilepsy and 17 normal controls. All of participants completed two HV 
experiments, including HV with face mask (HV+) and HV without a mask (HV). The interval was 30 min and the 
sequence was random. Each experiment consisted of three segments: resting EEG, EEG of HV, and EEG of post- 
HV. EEG were recorded successively during each experiment. Participants were asked to evaluate the discomfort 
degree using a questionnaire when every HV is completed. 
Results: All of the participants felt more uncomfortable after HV + . Moreover, not only HV decreased small- 
worldness index in patients with epilepsy, but also HV + significantly increased the clustering coefficient in 
patients with epilepsy. Importantly, the three-way of Mask*HV*Epilepsy showed interaction in the clustering 
coefficient in the delta band, as well as in the path length and the small-worldness index in the theta band. 
Conclusions: The results of this study indicated that patients with epilepsy showed the increased excitability of 
brain network during HV + . We should pay more attention to the adverse effect on brain network excitability 
caused by HV + in patients with epilepsy. In the clinical practice under the COVID-19 pandemic, it is important 
that the wearing face mask remain cautious for the individuals with epilepsy when they carried out HV behavior 
such as exercise (e.g., running, etc.).   

1. Introduction 

The outbreak of coronavirus disease 2019 (COVID-19) has rapidly 
evolved into a global pandemic. COVID-19 was caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Sun et al., 2020) and 
was transmitted by breathing of infected droplets or contact with 
infected droplets (Madabhavi et al., 2020; Berger, 2020). As of March 
31, 2021, the virus has been responsible for 100 million confirmed cases 
worldwide and the number is still increasing (Ren et al., 2021). There is 
some evidence to demonstrate that wearing face masks in public can 

reduce the risks of SARS-CoV-2 transmission (Sunjaya and Jenkins, 
2020; Esposito et al., 2020; Liu and Zhang, 2020). Judging from the 
current situation of the epidemic, wearing face masks in public places 
will be the norm. However, breathing wearing a face mask may simulate 
HV, which might be disadvantageous to the patients with epilepsy 
(Asadi Pooya and Cross, 2020). 

Epilepsy is characterized by a predisposition to having recurrent 
seizures, which is caused by abnormal excessive or hyper-synchronized 
neuronal activity in the brain (Alexander et al., 2016). Therefore, epi-
lepsy is also explained as the brain network disruption (Kalitzin et al., 
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2019). Electroencephalography (EEG) is a common examination in pa-
tients with epilepsy (Chen and Koubeissi, 2019). Hyperventilation (HV) 
is always the EEG “activation procedure”, which can strengthen preex-
isting EEG abnormalities (Baldin et al., 2017). Previous studies 
demonstrated that HV significantly increased abnormal discharge and 
functional connectivity in the delta and theta bands in the epilepsy pa-
tients (Mazzucchi et al., 2017). Under the situation of COVID-19, pa-
tients with epilepsy were often required to wear face mask during EEG 
examinations, including HV procedure (Assenza et al., 2020). Of note, 
Lazzarino et al. found in the healthy individuals that the breathing 
frequency and depth were increased and more CO2 was inhaled when 
they breathed with face mask (Lazzarino et al., 2020). However, 
whether unfavorable impact of HV with face mask on cortical excit-
ability and brain network awaits to be investigated, which has strong 
implications for clinical practice especially for patients with epilepsy. 

Graph theory has been recently used to characterize complex brain 
networks. Epileptic networks of EEG data is typically suitable within the 
graph theory framework. In the present study, we employed the analysis 
method of graph theory of EEG data to characterize brain network 
profile of patients with epilepsy during HV with face mask, including 
network density, small-world properties, path length, clustering coeffi-
cient. Network density is ratio of the number of edges present in the 
network to total possible number of edges (Watson et al., 2018). 
Small-world properties are associated with low wiring cost and rapid 
information propagation in the brain (Buzsáki et al., 2004). Character-
istic path length reflects the average minimum distance between two 
nodes and efficiency of the network (Huang et al., 2020). The clustering 
coefficient reflects the density metric for whole networks (Wang et al., 
2018). These metrics can provide valuable information about brain 
excitability. 

Our primary goal is to identify the effects of HV with face mask on 
cortical excitability in patients with epilepsy. We therefore set out to 
conduct two experiments to examine stimulation induced response of 
the brain and the interaction of Mask*HV*Epilepsy. This will provide a 
novel insight for patients with epilepsy at great risk for seizures. 

2. Material and methods 

2.1. Participants 

Epilepsy participants were recruited between April 2020 and June 
2020 from the epileptic center at Xuanwu Hospital of Capital Medical 
University. The inclusion criteria were as follows: (1) ages 18~65 years 
old; (2) diagnosis of epilepsy was accomplished by two neurologists; (3) 
history of epilepsy ≥1month; (4) did not take medication or had taken 
antiepileptic drugs regularly for more than 1 month. Normal controls 
(NC) were recruited in the community through advertising and met the 
following criteria: (1) no history of head trauma or neuropsychiatric 
disorders; (2) ages 18~65 years old. The exclusion criteria for patients 
and NC were as follows: (1) psychogenic non-epileptic seizure; (2) evi-
dence of progressive brain disorders or systemic diseases other than 
epilepsy; (3) drug addiction; (4) breastfeeding or pregnancy. All par-
ticipants provided written informed consent for this research and pub-
lication. The study was approved by the Xuanwu Hospital Ethics 
Committee and was in accordance with the Declaration of Helsinki. All 
research materials were available to any qualified investigator. Requests 
for study materials and data should be submitted to Dr. Hua Lin. 

2.2. Experimental procedures 

All individuals underwent two HV experiment, including HV with 
face mask (HV+) and HV without a mask (HV). The interval was 30 min 
and the sequence was random. Each experiment consisted of three 
segments: resting EEG, EEG of HV, and EEG of post-HV (Fig. 1). EEG 
were recorded successively during each experiment. Participants were 
asked to evaluate discomfort when every HV is completed, using a 10 
point questionnaire which ‘0 point: without any discomfort’ and ‘10 
point: maximal discomfort that I can imagine’. 

2.3. EEG data recording and preprocessing 

EEG signals were recorded from 32 scalp electrodes (21 recording 
channels: Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, 
P4, T6, O1, Oz and O2) using an EEG amplifier (Yunshen, Beijing, China) 
and EasyCap (Greentek, Wuhan, China). Electrodes were placed in 
accordance with the international 10–20 system. EEG signals were 
continuously recorded at a sampling frequency of 1,024 Hz and band- 
pass filtered from 0.05 to 100 Hz. Interelectrode impedance was kept 
below 5 kΩ. EEG was referenced to the average of the two earlobe- 
electrodes. One electrode was put on the nose as ground. Electrooculo-
gram electrodes were positioned above and below the left eye as well as 
the outer canthi of each eye. None of the patients with epilepsy was 
taking medication at the time of the recordings. 

Data preprocessing was completed with EEGLAB version 14.0.0.0b 
(Delorme and Makeig, 2004), which was an open source toolbox for 
Matlab (Mathworks, MA, USA). Data were re-referenced using the 
Reference Electrode Standardization Technique (REST) that were 
proved to be efficient in recovering the waveform and the spectral 
properties of the potential referenced at infinity (Yao, 2001). Data were 
low-pass filtered at 30 Hz to exclude high-frequency noise including 
muscle activities. EEG was inspected visually for the presence of arti-
facts. Eye blink artifacts and muscle artifacts were removed using an 
independent component analysis approach. For all participants, we 
selected 120 s of artifact-free EEG data and segmented them into 2 s 
epochs (2048 sample points per epoch). EEG data from the patients with 
epilepsy were extracted from interictal EEG recordings, regardless of 
abnormal discharges. EEG epochs with artifacts (>±100 μV) were 
excluded. Besides, artifacts that exceeded 5 standard deviations of all 
channels were also excluded. Finally, we selected the maximum number 
of artifact-free epochs for each participants for the following analysis. 
Functional connectivity analysis and computation of graph theory pa-
rameters were in the Supplement Material. 

2.4. Statistical analysis 

To compare the group differences in the topological properties of 
brain functional network, repeated-measures analysis of variance 
(ANOVA) was performed to test the significant difference of the mean 
Phase locking value (PLV) and the graph parameters (C, L and σ), be-
tween two factors of Mask (without mask vs with mask) and two con-
ditions (resting vs HV), as well as two group (controls vs patients) for 
each frequency band. The analysis of the graph parameters were per-
formed at each value of K. Repeated-measures ANOVA was performed 
for the discomfort ratings between two factors of Mask (without mask vs 
with mask) as well as between two groups (controls vs patients) 

For all the analyses in this study, p values less than 0.05 (corrected 
for multiple comparisons) were considered significant. The simple- 
effects analysis was performed if any interaction between factors was 
found. All statistical analyses were conducted using SPSS 22.0. 

Fig. 1. Schematic representation of experimental design. HV, hyperventilation.  
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3. Results 

3.1. Demographic information and behavioral results 

We recruited 19 patients with epilepsy and 17 NC in this study, 
including 8 females in the patients and 9 females in the controls. 
Detailed information is summarized in Table 1. No significant difference 
was found in age and gender between the patients and the controls using 
independent t-tests (all p > .05). 

All participants wearing the face masks felt more discomfort. There 
were significantly higher scores in the discomfort ratings under the 
condition with the face masks (5.4 ± 2.1) than condition without the 
masks (3.6 ± 2.1) (F(1,34) = 68.463, p < .001, η2 = .668). The 
discomfort symptoms included dizziness, numbness of the head or limb, 
and difficulty of expiration. 

There was no difference in the routine EEG findings in individuals 
with mask and without mask. 

3.2. Overview of the graphical parameters in different network densities 

We firstly examined the clustering coefficient, path length and small- 
world network in different network densities in resting functional net-
works (Supplementary Figure). For epilepsy and NCs group, the clus-
tering coefficient within the delta and theta bands were increased as the 
network density upgraded The path length within both bands were 
increased in the spare network (from K = 0.05 to K = 0.1) and then were 
gradually declined in the dense networks. The characteristics of small- 
world networks were evident for both groups, specifically when the 
network density was sparse (K = 0.05, 0.1). 

Before we performed between-group comparisons, the interaction 
analysis of Mask*Group, HV*Group and Mask*HV*Group in different 
network densities (K) were necessary (Supplementary Table). Signifi-
cant interactive effects of HV and epilepsy were found for the small- 
worldness index in the delta band (K = 0.05, F(2,68) = 5.593, p =
.006,η2 = .141) and in the theta band(K = 0.05, F(2,68) = 4.195, p =
.019, η2 = .110; K = 0.15, F(2,68) = 3.832, p = .026, η2 = .101). 
Moreover, the three-way interactions of Mask*HV*Group were also 
significant for the clustering coefficient in the delta band (K = 0.15, F 
(2,68) = 6.250, p = .003,η2 = .155), for the path length (K = 0.10, F 
(2,68) = 4.329,p = .017,η2 = .113) and for the small-worldness index (K 
= 0.25, F(2,68) = 3.571,p = .034,η2 = .095) in the theta band. The 
significant interaction results indicated that the effect of HV and HV +
was greater in patients with epilepsy. 

3.3. Difference on in the resting functional networks between the two 
groups 

We also observed the resting functional networks of the patients and 
the controls. The small-worldness index in the controls was smaller than 
that in the patients in the delta band as shown in Fig. 2(a) and (b) (K =
0.05: t(34)=-2.144, p = .042; K = 0.5: t(34)=-2.596, p = .014). The 

Table 1 
Demographic information of the patients with epilepsy and the healthy controls 
as well as the discomfort ratings (mean ± std.) by the two groups.   

Controls (n 
= 17) 

Patients 
(19) 

t/F, p 

Female/Male 9/8 8/11 t(34)=-0.636, p =
.529 

age (years) 36.5 ± 9.3 32.7 ±
11.9 

t(34) = 1.072, p =
.291 

discomfort ratings under 
the HV without the masks 

3.1 ± 2.0 3.8 ± 2.0 
F(1,34) ¼ 68.463, p 
< .001, η2 ¼ .668 discomfort ratings under 

the HV with the masks 4.7 ± 2.3 5.8 ± 1.7  

Fig. 2. The difference of the brain network under the resting state between the patients and the controls. (a) The small-worldness index in the controls was smaller 
than that in the patients in the delta band when the network density (K) was 0.05 as well as when K was 0.50 (b). (c) The same results were also obtained in the theta 
band as K was 0.05 as well as K was 0.15 (d). * denotes P < 0.05. 
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same results were also obtained in the theta band as shown in Fig. 2(c) 
and (d) (K = 0.05: t(34)=-2.367, p = .027; K = 0.15: t(34)=-2.312, p =
.029). 

3.4. Effect of HV on the functional networks 

We then further detected the effect of HV on the small-worldness 
index within the delta and theta bands (Fig. 3). In the patient group, 

the small-worldness index decreased significantly under HV in the delta 
band in K = 0.05 (Fig. 3(a)) and in K = 0.50 (Fig. 3(b)). Decreased small- 
worldness index by HV were also found in the theta band in K = 0.05 
(Fig. 3(c)) and in K = 0.15 (Fig. 3(d)). Nevertheless, no difference was 
found in the control group. 

Fig. 3. The HV condition affected the brain 
networks of the patients within the delta and 
theta bands. (a) In the patient group, the HV 
condition significantly impaired the small- 
worldness index of the brain network relative 
to the resting state within the delta band as K 
was 0.05. The HV condition did not affect the 
brain networks of the controls. (b) As K was 
0.50, the HV condition impaired the small- 
worldness index of the brain networks in the 
patient group relative to the resting state at 
trend level. No influence was found for the 
controls. (c) and (d) In the theta band, the HV 
condition also impaired the small-worldness 
index of the brain networks of the patients 
relative to the resting state as K was 0.05 and 
0.15, respectively. * denotes P < 0.05. # de-
notes P < 0.10. HV, hyperventilation.   

Fig. 4. Wearing the face masks affected the 
clustering coefficient of the brain networks 
within the delta band (K = 0.15) for the control 
and patient groups. The controls wearing the 
face masks increased the clustering coefficient 
relative to the case without the face masks 
under the resting state. Moreover, the controls 
wearing the face masks impaired the clustering 
coefficient relative to the case without the face 
masks under the HV condition. The patients 
wearing the face masks increased the clustering 
coefficient relative to the case without the face 
masks under the HV condition. * denotes P <
0.05. HV, hyperventilation.   
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3.5. Interaction of mask by HV on the functional networks 

The interaction of Mask*HV were found both in the patient group 
and in the NC group (Fig. 4). HV + increased the clustering coefficient in 
the patients (F(1,18) = 7.664, p = .013, η2 = .299). In contrast, HV +
decreased the clustering coefficient in the NCs (F(1,16) = 5.058, p =
.039, η2 = .240). 

4. Discussion 

Under the COVID-19pandemic, it is important to clarify the effects of 
HV + on cortical excitability in patients with epilepsy. We found that HV 
+ significantly increased the clustering coefficient in the patients with 
epilepsy. Importantly, the three-way of Mask*HV*Epilepsy significantly 
interact in the clustering coefficient in the delta band, as well as in the 
path length and the small-worldness index in the theta band (Table 2). 
These findings have been observed for the first time in the patients of 
epilepsy and indicated the abnormal high excitability of brain network 
under HV+, which suggested the increased risk of seizures in the pa-
tients of epilepsy. It is suggested in the clinical practice the behaviour of 
HV + remain cautious for the individuals with epilepsy. 

Previous studies reported the discomfort symptoms of participants 
during HV such as dizziness, paraesthesias and headaches (Kane et al., 
2014). We observed that the participants felt more serious dizziness and 
paraesthesias under HV + . Person et al. found that dyspnea variation 
was significantly higher when the individuals wearing surgical face 
mask executed the pulmonary function test (Person et al., 2018). HV 
enhances the air exchange, which leads to decrease the partial pressure 
of carbon dioxide and increase the partial pressure of oxygen (Keir et al., 
2018). Granados et al. provided preliminary evidence that some subjects 
exhibited severe hypoxia under HV+ (Granados et al., 2016). As such, 
serious dizziness and paraesthesias under HV + maybe related with 
hypoxia. 

The brain networks features of epileptic discharges were strongly 
relevant to small-world properties (Ni et al., 2014). Indeed, our data 
confirmed previous results that the patients with epilepsy showed higher 
small-worldness index compared with NC in the rest state. We further 
demonstrated that HV + significantly increased the clustering coeffi-
cient of the patients with epilepsy. Bernhardt et al. observed that pa-
tients with temporal lobe epilepsy showed increased clustering 
coefficient, altered distributions of hubs, and vulnerability (Bernhardt 
et al., 2011). Recently, Goodale et al. also demonstrated in patient of 
epilepsy that the higher clustering coefficient was, the greater decay of 
functional connectivity with distance was (Goodale et al., 2020). 
Increased clustering coefficient is thought to represent abnormal excit-
able brain network. It should be noted for epilepologists and patients 
that HV + can excite the brain network in patients with epilepsy and it is 
likely also the driver of seizures. 

The excitable effect of HV on brain network was related to its 
physiological mechanism. Physiological research has demonstrated HV 

induced respiratory alkalosis with a drop of the PaCO2 by18 mmHg and 
an increase of pH (Sakamoto et al., 2018, 2015). HV + aggravated 
hypocapnia, which could further worsen cerebral ischemic anoxia. The 
research of hypercapnic challenge (5% CO2) confirmed that hypoxia 
worsened vasoconstriction and reduced cerebral blood flow (Lawley 
et al., 2017). The hemodynamic response during hypercapnia might be 
relative to the higher excitability of brain network (Savelov et al., 2013). 
For the patients with epilepsy, a decrease in the efficiency of brain 
network connection was significant under the condition of hypoxia 
(Brenner, 2005). Besides, the modification of connectivity throughout 
the brain due to hypoxia was more likely related to the effect of blood 
gas changes on the NMDA receptor (Wang et al., 2000).Previous study 
had been demonstrated the NMDA receptors activity related to H+

(Cechetto, 2014). The activation of these receptors may be involved in 
the node degree of cortical origin and the alteration of brain connec-
tivity (Wakhloo et al., 2020). This could mean that the excitable effects 
of HV + on brain networks can be further magnified especially in pa-
tients with epilepsy. 

There are several limitations in this research, some of which may 
merit future investigation. The first limitation of our study is the small 
sample size. Although our study tried to provide a new insight for the 
effects of HV + on brain network in patients with epilepsy, the small 
sample sizes still require future study. We look forward to increasing the 
sample size to examine the reproducibility of the results. Secondly, we 
didn’t monitor the levels of PaO2 and PaCO2 in this work due to limited 
time and funding, which were sensitive indexs for detecting hypoxia. We 
will add those examination in the subsequent study. Thirdly, we did not 
rule out the effect of antiepileptic drugs on cortical excitability and brain 
connectivity in patients. Notwithstanding, the purpose of the present 
study was to investigate the brain network influenced by HV + and not 
by the disease. In this sense, the effect of antiepileptic drugs on cortical 
excitability is somehow unimportant. Last but not least, there is no EEG 
recording in the interval of 30 min between HV and HV + . Although we 
did not observe how long routine EEG regained normal after HV+, the 
EEG was similar to baseline level after the interval of 30 min. It is better 
in the future to record the EEG during the whole process. 

5. Conclusion 

The present results provide evidence that the excitable effects of HV 
+ on brain network can be further magnified in patients with epilepsy. 
Furthermore, this work revealed that the three-way of Mask*HV*Epi-
lepsy significantly interact. This finding is particularly significant during 
the COVID-19 pandemic in order to minimize the adverse effects of HV 
+ behavior for patients with epilepsy. 
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Table 2 
The clustering coefficient of K = 0.15 within th delta band for the patient and the 
controls during the resting, HV and post-HV with or without the mask.  

clustering coefficient without mask with mask 

NC 
rest * 0.224 ± 0.048 0.278 ± 0.068 
HV * 0.274 ± 0.060 0.244 ± 0.059 
post-HV 0.275 ± 0.065 0.254 ± 0.054  

Patient 
rest 0.255 ± 0.050 0.245 ± 0.046 
HV * 0.241 ± 0.040 0.275 ± 0.049 
post-HV 0.283 ± 0.068 0.256 ± 0.064 

Note: * means significant effect of Mask on the resting and the HV conditions. 
NC, normal controls; HV, hyperventilation. 
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